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Capitalizing on the two-dimensional nature of superconductivity in field-effect doped C60, we show
that it should be possible to increase the transition temperature Tc by applying uniaxial stress per-
pendicular to the gate electrode. This method not only holds the promise of substantially enhancing
Tc (by about 30 K per GPa), but also provides a sensitive check of the current understanding of
superconductivity in the doped Fullerenes.
PACS numbers: 74.70.Wz,74.62.Fj
In a remarkable series of experiments Scho¨n and col-
laborators have demonstrated superconductivity in field-
effect devices based on Fullerene crystals. In a first step
they field-doped pure C60 with electrons, observing a
maximum Tc of 11 K at a doping of about 3 electrons
per molecule in the layer under the gate electrode [1].
Reversing the polarity of the gate voltage, they achieved
hole-doping, finding superconductivity with a transition
temperature of up to 52 K at a doping level of about
3 to 3.5 holes per molecule [2]. In the most recent
experiments, they observed superconductivity by field-
doping C60 crystals that were intercalated with chloro-
form, CHCl3, and CHBr3 [3]. In these crystals, the vol-
ume per C60 molecule is increased due to the presence
of the intercalated molecules. Superconductivity was ob-
served for electron- as well as for hole-doping and it was
found that in both cases Tc increases almost linearly with
the distance between neighboring C60 molecules, reach-
ing 80 K for C60·2CHCl3 and 117 K for C60·2CHBr3. Af-
ter this discovery a ’race to beat the cuprates’ has been
announced [4], and the search is on for ways to further in-
crease the transition temperature in the Fullerenes. Here
we show that a feasible method for doing so is the applica-
tion of uniaxial stress perpendicular to the gate electrode.
While this proposal might at first seem counterintuitive,
we will demonstrate that it is a natural consequence of
the two-dimensional nature of superconductivity in the
field-doped Fullerenes.
So far superconductivity in field-doped Fullerenes has
been discussed in close analogy to alkali-doped C60. This
was motivated by the remarkable similarities between
these two classes of materials [5]: (i) in both Tc is largest
when the t1u band is half-filled, and (ii) Tc increases with
the distance between the C60 molecules in the crystal,
which is explained as a consequence of the corresponding
increase in the density of states at the Fermi level. Ex-
perimentally it is found that for a given nearest-neighbor
distance the transition temperature for the alkali- and the
electron-field-doped Fullerenes are almost identical [3].
Nevertheless, there is a fundamental difference between
the two classes of materials: the alkali-doped Fullerenes
are bulk-superconductors, while in the field-effect devices
superconductivity is restricted to two dimensions. It ap-
pears that in the field-doped Fullerenes only the first
monolayer under the gate electrode is doped. This is
confirmed by tight-binding simulations where it is found
that that the deeper layers carry negligible charge den-
sity [6]. Experimentally it is supported by the fact that
for the increase in Tc upon intercalation of CHCl3 and
CHBr3 only the change in the nearest neighbor distance
seems to matter, while the change in crystal structure ap-
pears to have no effect: At the temperatures where super-
conductivity occurs, pure C60 is simple cubic with four
molecules (sitting on fcc sites) per unit cell [7], while the
intercalated crystals are (almost) hexagonal [8, 9]. This
suggests that superconductivity in field-doped Fullerenes
is restricted to a single, triangular layer: a (111) plane in
C60 and a (001) plane in C60·2CHCl3 and C60·2CHBr3.
Given that only a single lattice plane is involved in the
superconductivity and given that the transition temper-
ature Tc increases with the distance between neighboring
molecules, it should be possible to increase Tc simply by
pushing on the gate electrode of the field-effect device.
Such uniaxial stress will decrease the spacing of the lat-
tice planes parallel to the gate, but at the same time it
will increase the distance of the molecules in the planes.
This is the Poisson effect [10]. We again stress the funda-
mental difference between the alkali- and the field-doped
Fullerenes. The alkali-doped materials are bulk super-
conductors. Thus under pressure, even under uniaxial
stress, the volume per molecule is reduced, lowering the
density of states at the Fermi level and hence Tc. In
contrast, in the field-doped Fullerenes only the layer un-
der the gate electrode is doped, and therefore hopping
to the deeper layers is suppressed by the strong electro-
static potential of the induced space charge [6]. Thus,
reducing the distance between the layers will have a neg-
ligible effect on the (practically two-dimensional) density
of states, which is, however, strongly increased by the
increasing distance of the molecules in the plane.
At this point the obvious questions are: Will uniax-
ial stress really affect the molecules under the gate elec-
trode? And if so, how large will the effect be? The first
problem that comes to mind is that the molecules un-
der the gate might be held in place through interactions
with the Al2O3 gate oxide. In this case the response of
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FIG. 1: Linear thermal expansion of a C60 single crystal [7]
and of Al2O3 [11].
the molecules to stress would rather be determined by the
hard oxide than by the elastic constants of the soft or-
ganic crystal. Strong bonding of the C60 molecules to the
gate dielectric seems, however, quite unlikely, and there
is even direct evidence for the mobility of the molecules
that carry the source-drain current: Upon cooling, solid
C60 undergoes an orientational phase transition at about
260 K, which is accompanied by a substantial reduction
in volume (the distance between the molecules decreases
by more than 0.3%, see Fig. 1) [7], while the thermal
expansion of aluminum oxide does not show any signifi-
cant structure in that temperature range [11]. Neverthe-
less, the ordering transition shows up in the resistivity of
field-doped C60 (Fig. 5 of Ref. [2]), indicating that the
molecules in the relevant layer indeed remain mobile.
The next question is whether it is experimentally fea-
sible to apply pressure of any significant magnitude to
field-effect devices based on delicate organic crystals. As
it turns out, the necessary techniques are well established
for the investigation of quasi-two-dimensional organic
conductors: The whole device is embedded in a suitable
epoxy or frozen in oil, and the application of pressures
of up to 1 GPa at temperatures down to 0.5 K to sam-
ples of millimeter dimensions is straightforward [12, 13].
Ironically, one of the major problems in such experiments
seems to be the suppression of the Poisson effect [13], the
very effect which is desired in the present case. Thinking
about C60 under pressure one might worry about poly-
merization. Pressures of the order of 1 GPa can, however,
be considered low [14]. Moreover, under uniaxial stress
the crystal will rather loose cohesion and be squeezed,
than that the resilient C60 molecules will form chemical
bonds.
How large an effect on Tc can we expect? For an esti-
mate we calculate the Young modulus E and the Poisson
ratio σ for C60 under uniaxial stress. In terms of the elas-
tic constants, the elastic response to stress in the [100]
c11 c12 c44 B E[100] σ[100] E[111] σ[111]
14.1 6.0 7.7 8.7 10.5 0.30 17.8 0.16 [15] pot. II
14.9 6.9 8.1 9.6 10.5 0.32 19.0 0.17 [15] pot. I
16.1 8.2 8.2 10.8 10.5 0.34 19.6 0.20 PR potential
24.4 12.4 12.4 16.4 16.1 0.34 29.7 0.20 GF potential
24.5 12.3 11.8 16.4 16.3 0.33 28.5 0.21 [16]
TABLE I: Elastic constants for a C60 crystal at T = 0. Elas-
tic constants, bulk modulus (B = (c11 +2c12)/3), and Young
moduli E are in GPa; Poisson ratios σ are dimensionless.
direction is given by
E[100] =
(c11 − c12)(c11 + 2c12)
c11 + c12
, σ[100] =
c12
c11 + c12
.
For stress in the [111] direction we find
E[111] =
3(c11 + 2c12)c44
c11 + 2c12 + c44
, σ[111] =
c11 + 2(c12 − c44)
2(c11 + 2c12 + c44)
.
Table I gives a list of representative theoretical val-
ues for the elastic constants of C60 from the literature
and from calculations using the Girifalco [17] and the
Pacheco-Ramalho [18] potentials. There is a remarkably
large spread in the predicted elastic constants, which vary
by up to a factor of two. The Young moduli fall in the
ranges E[100] ≈ 10 . . . 16 GPa and E[111] ≈ 18 . . .30 GPa.
The Poisson ratios differ, however, by only about ten
percent: σ[100] ≈ 0.32 and σ[111] ≈ 0.2. Using the slope
c ≈ 230 K/A˚ of Tc as a function of a =
√
2 d, where d is
the distance to the nearest molecule in the doped layer,
that was found experimentally [3], we can estimate the
increase in transition temperature under uniaxial stress:
∆Tc/p = ca0σ/E. For a hole-doped C60 crystal un-
der uniaxial stress in the [111] direction we thus find
∆T
[111]
c /p ≈ 22 . . . 36 K/GPa. Should the [100] plane
be the relevant for superconductivity, the effect would be
even larger: ∆T
[100]
c /p ≈ 65 . . . 105 K/GPa.
The effect of uniaxial stress on the transition temper-
ature in field-doped Fullerenes should thus be large, in-
deed. Already a modest force of 20 Newton on a crystal
with an area of a square millimeter should increase Tc by
about half a Kelvin or more. Such an effect should be
observable when monitoring the source-drain resistivity
of the field-effect device just above the ambient-pressure
transition temperature. The increase in Tc is of course
limited by the yield stress of the C60 crystal. To get a
feeling for the behavior of C60 under finite stress, Fig. 2
shows the increase in the intermolecular distance d in the
plane and the decrease in distance between the lattice
planes as a function of the applied stress in [111] direc-
tion. For finite stresses the increase in d is even larger
than expected from the elastic constants. Eventually the
slope of ∆d/d0 becomes, however, infinite, which means
that the crystal is squeezed.
In our estimate of the change in transition tempera-
ture under uniaxial stress we have assumed that the in-
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FIG. 2: Response to uniaxial stress in [111] direction cal-
culated using the Girifalco (open symbols and dotted lines)
and the Pacheco-Ramalho (filled symbols and dashed lines)
potential. The lines show the deformation expected from the
Young modulus, the symbols show the calculated deforma-
tions under finite stress.
terpretation given in Ref. 3 is correct, namely that the
distance of the molecules in the doped lattice plane is
the only relevant parameter for determining Tc. A re-
cent structural analysis of the low temperature phases of
C60·2CHCl3 and C60·2CHBr3 has, however, cast doubts
on this interpretation [9]. It might therefore be possi-
ble, that other effects, like the different molecular orien-
tations or the presence of the intercalants substantially
influence superconductivity. In that respect, investigat-
ing the change in Tc under uniaxial stress could help to
clarify the situation.
In summary, the application of uniaxial stress is a
straightforward and feasible way for enhancing the tran-
sition temperatures of field-doped Fullerenes even fur-
ther. We have shown that the enhancement is signif-
icant, about 30 K per GPa, so that already the effect
of very small pressures should be measurable. Besides
the potential for achieving record Tc’s, such experiments
would deepen our understanding of the physics behind
the increase in transition temperature, since they would
allow to study the effect of an increased spacing be-
tween the molecules without having to introduce addi-
tional molecules. Due to the softness of the Fullerene
crystals it is tempting to speculate that it might even
be possible to push the field-doped Fullerenes across the
Mott transition [19]. Then, by continuously varying the
distance between the molecules (by the applied stress)
and the doping (by the gate voltage) it should be possi-
ble to study the physics of a doped Mott insulator. From
the alkali-doped Fullerenes we know that Tc decreases
when the lattice constant is increased too much [20, 21].
It will thus be interesting to see whether Tc in the field-
doped Fullerenes will be limited by the Mott transition,
or if the maximum Tc is realized in the Mott insulating
regime — at some optimal doping.
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